Eccentric contraction (EC) is known to elicit inflammation and damage in skeletal muscle.
INTRODUCTION
Inflammatory factors mediate many host defense adaptations to physical, environmental and infectious stresses. Unaccustomed exercise, especially that involving rigorous eccentric muscle contraction (EC), can cause significant damage to skeletal muscle fibers (3) .
Numerous studies have shown that EC-induced muscle damage triggers inflammatory 5 responses characterized by releases of leukocytes and cytokines (15, 16, 41) . There is now a large body of knowledge that pro-inflammatory cytokines play an important role in muscle wasting and functional deterioration under pathological and geriatric conditions (42). Tumor necrosis factor α (TNFα) emerges as a key cytokine promoting both peripheral muscle proteolysis and whole-body immune responses (21, 36). Elevated plasma TNFα concentration 10 and enhanced TNFα gene expression in skeletal muscle have been reported to underlie the etiology of several pathogeneses such as chronic infection, congestive heart failure, cancer cachexia and AIDS. The findings that treatment of animals with TNFα antibody and TNFα 5 seen in several pathogenic and degenerative muscle disorders.
MATERIALS AND METHODS

Animals
All procedures were approved by the Ethics Committee for the Use of Experimental Animals in Tianjin University of Sport. Female Sprague-Dawley rats (age, 3 months; body wt, 250 -5 300 g) were housed individually in animal facilities at the Tianjin Institute of Sports Medicine in temperature-controlled rooms (22°C) using a reverse 12 h light/dark cycle (7:00-19:00 dark, 19:00-7:00 light). Animals were fed a chow diet and tap water ad libitum.
Experimental design
All rats were initially acclimated to running on a motor-driven treadmill at 15 m/min, 0% 10 grade for 15 min per day for 2 wk. This protocol accustomed the rats to the locomotion involved in the final exercise experiments without resulting in training adaptation in skeletal muscle. Thirty rats were randomly divided into five groups (n = 6 each). On the day of the experiment, 2 groups of rats ran at 25 m/min, -10% grade on the treadmill for 1h (Ex1h) or 2h (Ex2h) and were killed immediately. 2 groups of rats ran on the treadmill for 2h and were 15 killed at 6 h (Ex2h+6h) or 24h (Ex2h+24h) after exercise. Another group of six rats was killed at rest as controls (Rest).
Tissue preparation
After anesthesia by injection of 10% chloral hydrate, femoral artery was punctured to collect blood sample. The arterial blood was maintained at 4 0 C and centrifuged to separate 20 serum at 3,000 g, 4°C, for 10 min. Serum aliquots were stored at -20°C until subsequent analysis.
Immediately after femoral puncture, the deep portion of the vastus lateralis (DVL) and gastrocnemius (GAS) muscle were excised. One part of each muscle was used for histological examination, mitochondrial isolation (see below) and enzyme activity assay, the other was 25 freeze-clamped between aluminum tongs pre-cooled with liquid nitrogen, and stored at -80°C until further assays.
RT-PCR analysis
Total RNA was isolated from frozen muscle sample using the Trizol reagent (Invitrogen, Carlsbad, CA). RNA quality and integrity was assured by gel visualization and 6 spectrophotometric analysis (OD 260/280) and quantified at 260 nm. Total RNA (8 μg) was reverse-transcribed into cDNA using an oligo dT primer, and then amplified with specific primers. The following primers with the predicted size were used for amplification: TNFα CAT GGA TGA CC-3' (reverse). The cycle number was determined from a linear amplification curve within the linear amplification range. The PCR products were subjected to 2% agarose gel electrophoresis. Quantitative data normalized to β-actin were obtained from a densitometer and analyzed with the included Quantity One 4.4.0 software (BIO-RAD).
Western blot analysis 15
Nuclear and cytoplasmic extracts were prepared using NE-PER nuclear and cytoplasmic extraction reagents (Pierce Chemical Co., Rockford, IL) according to manufacturer's instructions. Proteins samples were electrophoresed in SDS-10 or 15% polyacrylamide gels, transferred to a polyvinylidene difluoride (PVDF) membrane (Millipore, Bedford, Mass., USA) at room temperature, and then incubated with appropriate IgG fractions in PBS 20 containing 5% nonfat dry milk (Carnation, Wilkes-Barre, PA, USA) and 0.2% Tween 20 (Sigma, St. Louis, MO, USA). Antibody against TNFα was purchased from Beijing Boisynthesis Biotechnology Co. (Bios, Beijing, China). Antibodies against p65 and α-Tubulin were purchased from Santa Cruz Biotechnology (Santa Cruz, CA, USA). After overnight incubation, the blots were washed three times with a wash buffer (PBS-0.2% Tween 20) for 25 10 min each time at room temperature, then incubated for 2 h with a secondary horseradish peroxidase (HRP) -conjugated goat anti-rabbit antibody (Santa Cruz, CA, USA), or HRP-conjugated goat anti-mouse antibody (Santa Cruz, CA). The blots were washed three times as above. Antigen detection was performed with an Enhanced Chemihuninescence (ECL) kit (Santa Cruz, CA), and blots were exposed to Biomax MRfilm (Kodak, Shantou,7 China).
Electrophoretic mobility shift assay (EMSA)
Nuclear extracts were prepared using NE-PER nuclear and cytoplasmic extraction reagents (Pierce Chemical Co., Rockford, IL) according to manufacturer's instructions.
Activity of NFκB was examined by EMSA. The double-stranded DNA probe sequence is 5 5'-AGT TGA GGG GAC TTT CCC AGG C-3' and antisense 3'-TCA ACT CCC CTG AAA GGG TCC G-5'. The double stranded, NF-κB oligonucleotide was labeled with biotin. Binding reactions were carried out for 20 minutes at room temperature in the presence of 50 ng/µl poly(dI-dC), 0.05% Nonidet P-40, 5 mmol/L MgCl 2 , 10 mmol/L EDTA and 2.5% glycerol in 1×binding buffer (LightShift TM chemiluminescent EMSA kit, Pierce) using 20 fmol of biotin, 10 end labelled target DNA and 2 µg of nuclear extract. Unlabelled target DNA (4 pmol) was added to 20 µl of binding reaction where indicated. Assays were loaded onto native 12% polyacrylamide gels pre-electrophoresed for 60 minutes in 0.5×Tris borate/EDTA and electrophoresed at 100 V for 2.5 hours before being transferred onto a positively charged nylon membrane (Hybond TM -N + ) in 0.5×Tris borate/EDTA at 380 mA for 30 minutes. 15 Transferred DNAs were crosslinked to the membrane at 120 mJ/cm 2 and detected using horseradish peroxidase conjugated streptavidin (LightShift TM chemiluminescent EMSA kit)
according to the manufacturer's instructions.
ELISA analysis
Concentrations of the serum TNFα was measured by sandwich method of enzyme-linked 20 immunosorbent assay (ELISA) according to the manufacturer's instructions (Bender MedSystems, Vienna, Austria). Briefly, anti-rat TNFα goat IgG were used as a primary antibody and a biotinylated anti-rat TNFα goat IgG was used as a secondary antibody. The biotinylated antibody was prepared by incubating a mixture of the antibody and N-hydroxysuccinimidobiotin. Serial 1:2 dilutions of purified rat TNFα was used as standards 25 for calibration curves for TNF-α, which were linear from 39 to 625 pg/ml, respectively. homogenates were centrifuged at 900 g for 30 min at 4℃ to obtain the supernatant. An aliquot of 0.1 mL muscle homogenate was mixed to 2 mL assay mixture containing molybdic acid to initial the reaction and the absorbance was read at 405 nm according to the instructions of the assay kit (Jiancheng Bioengineering Co., Nanjing, China). The levels of protein in muscle tissue homogenates were measured by Coomassie brilliant blue G-250 detection. 25
Muscle enzyme activity
Muscle myleoperoxidase (MPO) activity was determined using an enzyme kit purchased from Jiancheng Bioengineering Co. (Nanjing, China). MPO catalyzes the reaction of H 2 O 2 and 3, 3, 5, 5-tetramethylbenzidine producing a yellow-colored compound, through whose absorbance at 460 nm MPO activity was calculated. One unit of MPO activity was defined as the quantity of enzyme that degraded 1 mmoL H 2 O 2 at 37℃ per g wet tissue.
Muscle SOD activity assay was based on the inhibition of conversion of nitroblue tetrazolium to a blue tetrazolium salt mediated by O 2 -• .and catalyzed by xanthine oxidase. The amount of SOD to inhibit the rate of reduction of nitroblue tetrazolium by 50% was defined as 5 1 unit of activity. For inhibition of the CuZn-SOD activity, the assay was conducted in the presence of 10 mM KCN after preincubation for 30 min. The absorbance of each supernatant was measured at 550 nm. MnSOD activity was calculated by subtraction of CuZnSOD activity from total SOD activity. 10 Serum lipid peroxidation was evaluated by measurement of thiobarbituric reactive substance (TBARS) content using an assay kit (Nanjing Jiancheng Bioengineering Inc.).
Serum lipid peroxidation and muscle damage
Muscle damage was assessed by serum creatine kinase (CK) activity was measured by the production of molybdenum blue at 660nm according to the manufacturer's instruction (Nanjing Jiancheng Bioengineering Inc.). Concentrations were expressed as nmol/ml 15 (TBARS) and U/ml (CK).
Histological examinations
To examine whether EC caused muscle fiber damage and inflammation, histological samples were collected at rest and 24 h post EC in DVL and GAS. Samples were fixed with 10% neutral buffered formalin. After embeded with paraffin wax, sections with a thickness of 20 4 µm were cut. Sections were deparaffinized in Xylene I , II and III for 5 minutes, respectively, and dehydrated through baths of progressively more concentrated ethanol. After rinsing with tap water, sections were placed in haematoxylin for 5 minutes, rinsed in water, and decolorized in acid alcohol. The coded slides were analyzed by a pathologist blinded with regard to the treatment groups. 25
Statistical analysis
Values were presented as mean ± SEM as appropriate. Differences between groups were evaluated by using one-way ANOVA, followed the Bonferroni (equal variances consumed) or Tamhane (equal variances not consumed) test. Differences between GAS and DVL was used a paired sample t-test. All analyses were performed using the statistical software SPSS 11.0 (SPSS Inc., USA). A P value of less than 0.05 was considered statistically significant.
RESULTS
TNFα mRNA and protein expression
TNFα mRNA levels showed progressive increases in GAS after 2 h of EC (P<0.05) and 5 during recovery (Ex2h+6h and Ex2h+24h vs. Rest; P<0.01) (Fig. 1A) . Similarly, TNFα mRNA levels in DVL were elevated in Ex2h, Ex2h+6h and Ex2h+24h vs. Rest (P<0.05). In both muscles, TNFα mRNA levels showed substantial increases after 6 and 24 h recovery vs.
Ex2h (P<0.05). Furthermore, TNFα mRNA levels were greater in GAS vs. DVL at Ex2h and Ex2h+6h (P<0.05). 10 Muscle TNFα protein concentration was not detectable at rest, but was dramatically increased in both GAS and DVL after an acute bout of EC (Ex1h and Ex2h, P<0.01) ( Serum TNFα concentration appeared to be elevated 1 h after EC, but the change was not 15 significant until Ex2h when it was more than doubled (P<0.05) ( Table 1) . This level reached approximately 3-and 4-fold higher than resting levels at Ex2h+6h and Ex2h+24h, respectively (P<0.01).
ROS generation
We measured mitochondrial aconitase activity as a specific marker of O 2 -• production and 20 H 2 O 2 concentrations in GAS and DVL in response to EC. Aconitase activity was deceased by 40 and 50%% (P<0.01) at Ex1h and Ex2h, respectively, compared with Rest, in both GAS and DVL muscles ( Table 2) . The enzyme showed an increase in activity at Ex2h+6h (P<0.01) and was fully recovered to resting levels at Ex2h+24h. H 2 O 2 concentration was not altered in response to 1 or 2h of EC, or Ex2h+12h in either 25 GAS or DVL muscle (Fig. 2) . However, it was increased by 111% (P < 0.01) and 100% (P < 0.05) in GAS and DVL, respectively, comparing Ex2h+24h vs. Rest.
NFκB activation
GMSA showed that NFκB binding in both GAS and DVL nuclear extract was significantly increased in Ex1h and Ex2h (P<0.01) compared to Rest (Fig. 3A) . There was a 30 decline of NFκB binding in Ex2h+6h (P<0.05) compared to Ex2h for both muscles, but it was elevated again in Ex2+24h group (P<0.01).
Nuclear p65 level was not detectable at rest, but was markedly elevated in response to EC and during the recovery in both GAS and DVL (P<0.01) (Fig. 3B) . Consistent to the finding on NFκB binding, p65 showed a transient decline at Ex2+6h (P<0.01) in both 5 muscles, whereas the levels rebounded back again at Ex2+24h (P<0.01).
Endotoxin concentration
Serum ET concentration showed a 225% increase at Ex2h (P<0.01) and this level continued to rise during recovery, reaching 250% (P<0.05) and 400% (P<0.01) of resting levels at Ex2h+6h and Ex2h+24h, respectively (Table 1 ). In GAS and DVL muscles, ET 10 concentrations were unaltered during EC or at Ex2h+6h, but was approximately two-fold higher at Ex2h+24h than at Rest and Ex2h (P < 0.01) (Fig. 4) .
Serum CK activity and TBARS concentration
Serum CK activity as a muscle damage marker increased by 3-fold at Ex2h (P<0.01) and continued to elevate to reach 3.5-and 5.3-fold of resting levels at Ex2+6h and Ex2+24h, 15 respectively (P<0.01) ( Table 1) . Serum TBARS concentration as a lipid peroxidation marker was increased by 37% (P<0.05), 62 and 67% (P<0.01) at Ex2h, Ex2h+6h and Ex2h+24, respectively (Table 1 ).
MPO and MnSOD activity
We measured MPO activity as an inflammatory marker in GAS and DVL in response to 20 EC ( Table 2) . MPO activity did not change significantly after 1 or 2 h of EC, or at Ex2h+6h, in either GAS or DVL, but it showed a 9-and 5-fold (P < 0.01) increase above the resting levels at Ex2h+24h in GAS and DVL, respectively.
We also measured muscle MnSOD activity which converts superoxide radical to H 2 O 2 in the mitochondria. It was not affected by EC or during recovery in either GAS or DVL (Table  25 2) TLR4 and E2-14k mRNA expression TLR4 mRNA levels were decreased by ~50% (P<0.01) in GAS and by 18% (P<0.01) in DVL at Ex1h (Fig. 5A ) . Thereafter, the two muscles showed different patterns of changes. In GAS TLR4 mRNA recovered to resting levels at Ex2h and Ex2h+6h, but decreased again at 12 Ex2h+24 h (P<0.01). In DVL, it was further decreased at Ex2h (P<0.01), recovered at Ex2h+6h, and decreased again at Ex2+24h (P<0.01). E 2 -14k mRNA levels increased significantly at Ex1h and Ex2h (P<0.01) in both GAS and DVL muscles (Fig. 5B) . At Ex2h+6h, E 2 -14k mRNA levels decreased somewhat, but were still higher than at Rest (P<0.05). These increments were maintained at Ex2h+24h for 5 both muscles (P<0.01).
Muscle damage
Histochemical staining with hematoxylin and eosin showed that EC caused blood vessels hyperemia, myofibril damage and inflammatory cell infiltration in both GAS and DVL muscles (Fig. 6) . While no morphological abnormality could be detected in the resting 10 condition, in Ex2+24h group striation disappeared completely and there was obvious regional stain bleach, suggesting edema and fiber necrosis. Furthermore neutrophil infiltration and connective tissue hyperplasia were visible, confirming that EC caused substantial damage to muscle fibers.
15
DISCUSSION
TNFα Gene Expression is Upregulated by Muscle Eccentric Contraction
Exercise-induced increase in plasma TNFα level has been noticed for over a quarter of a century. Despite numerous research efforts its time course of release, physiological role and mechanism of action during physical exercise are still not entirely clear. Thus, the goal of the 20 current study is to investigate whether muscle EC as a noninfectious inflammatory stimulus would affect circulatory and intramuscular TNFα dynamics over a time course, the potential regulators on this pro-inflammatory cytokine, and its potential impact on muscle protein metabolism.
Our data clearly revealed that an acute bout of downhill running for 2 h in rats, a 25 well-established model for muscle EC, could result in a large (2.5-fold) increase in serum TNFα concentration, accompanied by a de novo gene expression of TNFα in skeletal muscle.
The two muscles we selected, DVL and GAS, both showed a robust increase in mRNA and protein content of TNFα. These findings clarified a long-standing controversy in the literature, i.e., whether or not increased muscle TNFα level after exercise was due to de novo gene activated only by EC, or by an exercise bout containing intense EC component which are known to cause muscle fiber damage (3, 16, 18, 41, 49) . Indeed, we found that 24 h after EC serum CK levels increased 3 fold, whereas losses of muscle striation, hyperemia and polymorphoneutrophils (PMN) infiltration were clearly visible in both GAS and DVL muscles. 15 Time courses of serum and muscle TNFα changes in our study suggest that two potential pathways might exist to regulate the release of this cytokine in response to EC. After 1 h of downhill running muscle TNFα protein content was already dramatically increased but without detectable changes in TNFα mRNA (Fig. 1) . This observation suggests that the initial phase of TNFα response did not involve gene expression and was possibly accomplished by 20 releases from activated phagocytes (9). Binding of TNFα with plasma membrane could increase vascular permeability and stimulate adhesion molecules expression on the cell surface, which allows for diapedesis and rapid infiltration of PMN into the muscle cells (5).
The invading PMN have the ability to release proteases that facilitate the degradation of cellular debris produced by muscle damage, but more importantly they trigger a chain of 25 cellular events that last well beyond the cessation of EC (37) Among the most noticeable changes were elevated ROS levels, activated NFκB signaling pathway and a continuous increase in TNFα gene expression. catalyzed by MPO, a granular-based heme enzyme expressed primarily by PMN. The above process typically takes place after several to 24 h in the injured muscle, and is consistent with our observation that MPO activity as well as H 2 O 2 concentration in DVL and GAS muscles were elevated dramatically (by 10-and 6-fold, respectively) at 24 h post EC (Table 1, Fig. 2 ).
Role of ROS and NFκB in EC-induced Muscle Inflammation
It is conceivable that the above mentioned chain reactions require de novo gene 20 expression of pro-inflammatory cytokines (i.e., TNFα, IL-1, and -6) and chemokines (e.g. vascular cell adhesion molecule-1 [VCAM]; IL-8, also known as cytokine-induced neutrophil chemoattractant, CINC). Our data suggest that NFκB activation may play a key role in the signal transduction of these gene targets. In both DVL and GAS muscles, NFκB binding and P65 nuclear accumulation showed biphasic increases (Fig. 3) . The first occurred in response 25 separately reported increased Ub mRNA and protein levels, accompanied with higher levels of E 2 and 20S proteosome contents following eccentric knee extension in healthy human 16subjects. Furthermore, most proteins in the Ub-proteolytic pathway were shown to be upregulated 6-24 h post EC. In the current study, we showed that E 2 -14k mRNA levels were 10 progressively increased after 1 and 2 h EC in both GAS and DVL muscles, and remained elevated at 6 and 24 h post EC. Since E 2 -14k is one of the rate-limiting enzymes in the Ub-proteolytic pathway, its transcriptional activation suggests that muscle proteolysis could be enhanced. However, without measuring E 2 -14k protein content and the stimulus to induce the enzyme, its role remains elusive and requires further investigation. 15 Another unique finding in the present study was that ET (LPS) might participate in the regulation of the TNFα-NFκB activated protein degradation pathway in response to muscle EC. After binding with TLR-4, ET is known to activate NFκB signaling leading to wide-spread biological responses such as enhancing thermogenesis, activating PMN release and inducing pro-inflammatory cytokines (13) . Several previous studies reported that an acute 20 bout of exercise could increase plasma ET concentration in both rodents (55) and humans (4).
Our data showing that serum ET levels were elevated by more than two-fold after 2 h EC and by four-fold 24 h post EC were consistent with the above reports. Since a major source of serum ET comes from the bacteria in the gastrointestinal tract, a possible explanation is that strenuous muscle contraction increased permeability of the brush-border causing increased 25 bacterial migration to blood circulation (27). Besides serum ET, we also showed that GAS and DVL muscles had a dramatic increase in ET levels 24 h after EC (Fig. 4) . This finding, to our knowledge, has never been reported in the literature. While the mechanism and physiological significance of this finding are not entirely clear, we speculate that elevated serum ET might have bound with monocytes and macrophages which migrated to the injured 30 muscles.
TLR-4 is a member of the TLR family and the major receptor for ET (LPS) (11, 25) .
Sharing the same signaling pathway with IL-1 receptor in the cell, TLR-4 binding by LPS can activate NFκB and stimulate the release and expression of pro-inflammatory cytokinses and chemokines (6) . TLR-4 expression has been reported to be down-regulated in blood monocyte 5 membrane in response to exercise in several previous studies (20, 31), but studies on muscle TLR-4 expression are rare. Our data showing a significant reduction of TLR-4 mRNA levels in both GAS and DVL muscles after 1 h EC, while DVL continued to demonstrate a down-regulation at 2 and 24h post EC, were in agreement with the blood responses to exercise in the above studies. The exact reason for this down-regulation is unclear, but might 10 be related to elevated ROS levels in the exercising muscle, which have been shown to suppress TLR-4 gene expression (26). Down-regulation of TLR-4 mRNA conceivably could decrease TLR-4 protein levels and prevent excessive activation of ET-induced NFκB and inflammatory response. However, its functional importance and underlying stimulus are still largely unknown. 15 In summary, TNFα mRNA and protein expression in rat skeletal muscle was found to be markedly increased after an acute bout of muscle EC and during recovery. The upregulation of TNFα gene expression showed a biphasic manner. Increased release from phagocytes during EC might be responsible for the first phase, whereas the second phase could be caused by an increased de novo expression of pro-inflammatory cytokines and TNFα itself, 20 stimulated by NFκB signaling due to elevated H 2 O 2 production during the respiratory burst of PMN and macrophages. Elevated levels of serum and muscle ET via TLR-4 binding might contribute to the inflammatory responses as well. These observations pointed to an important role of TNFα in muscle inflammation and negative protein metabolism in response to mechanical and oxidative damage during unaccustomed exercise. 
Figure 6
Hematoxylin and eosin stain of GAS and DVL muscle samples at rest and 24 h post downhill running (Ex2h+24) in rats. H, hyperaemia; Arrow, neutrophilic granulocyte infiltration; N, 15 necrotic fiber. 
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